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ABSTRACT  

We report a highly sensitive anti-cyclic citrullinated peptide (anti-CCP) detection method for early diagnosis of 
rheumatoid arthritis (RA) using surface-enhanced Raman scattering (SERS)-based immunoassay. Herein, cyclic 
citrullinated peptide (CCP)-conjugated magnetic beads and anti-human IgG-conjugated hollow gold nanospheres 
(HGNs) were used as substrates and SERS nano-tags, respectively. First, its detection sensitivity was evaluated using 
anti-CCP standard solutions. Then quantitative anti-CCP levels, determined by the SERS-based assay, were compared 
with those obtained from three commercially available anti-CCP assay kits (Immunoscan CCPlus, ImmunnLisaTM CCP 
and BioPlexTM 2200) to assess its potential utility as a clinical tool. Finally, clinical samples from 20 RA patients were 
investigated using them. In the SERS-based assay, the anti-CCP level in human serum was successfully determined by 
monitoring the characteristic Raman peak intensity of SERS nano-tags. The diagnostic performance of our SERS-based 
immunoassay for clinical samples shows a good agreement with those measured by three commercial anti-CCP kits. In 
addition, our SERS-based assay results are more consistent in the low concentration range (0–25 U/mL) than those 
achieved by the commercial kits. Accordingly, it is estimated that the SERS-based assay is a potentially useful diagnostic 
tool for early diagnosis of RA. 
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1. INTRODUCTION  
The goal for rheumatoid arthritis (RA) treatment today is focused on its early diagnosis and earliest possible initiation of 
effective treatment. If the earlier the diagnosis is made and treatment begins, the more effectively its progression can be 
slowed or even stopped1-3. To date, the anti-cyclic citrullinated peptide (anti-CCP) antibody has been acknowledged as 
the best biomarker for early diagnosis of RA4, 5. The advantage of anti-CCP antibodies is that they are detectable in 
patient serum up to 10 years prior to the appearance of symptoms, and they also have a specificity of 90–95% in patients 
affected by RA, making them a crucial part of effective diagnosis and treatment of RA. 

Recently, surface-enhanced Raman scattering (SERS)-based immunoassay using functional nano-tags has attracted great 
attention from many scientists because of its rapid and sensitive detection capability6-8. Indeed, there have been many 
trials to apply the SERS-based immunoassay techniques to clinical diagnostics. A variety of biomarkers have already 
been investigated using the SERS-based immunoassay9-13. In order for SERS to have a diagnostic role in early disease 
diagnosis, however, its signals must be reproducible since a specific biomarker concentration in human serum tends to be 
low14, 15. 

It is well-known that the SERS effect is dominantly contributed by electromagnetic enhancement effects. Aggregated 
nanoparticles can produce a huge enhancement of several orders of magnitude through “hot spots” higher than that of the 
single nanoparticles. In many cases, however, it is difficult to control the aggregation condition for SERS enhancement16, 
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17. As a result, under ordinary sampling conditions, the reproducibility expected from SERS measurements is poor. To
resolve this issue, we recently exploited the use of hollow gold nanospheres (HGNs) as SERS nano-tags8, 18, 19. HGNs 
have strong enhancement effects as single nanoparticle SERS agents because they are able to localize surface 
electromagnetic fields through the pinholes in their hollow structure. Accordingly, HGNs can be used as highly 
reproducible sensing probes in quantitative immune-analysis. 

We recently investigated the feasibility of the SERS-based detection method for the immunoassay of anti-CCP using 
HGNs20. To assess its potential applicability as a clinical diagnostic tool, its sensitivity for anti-CCP has been tested. In 
this work, CCP conjugated magnetic beads and anti-human IgG conjugated SERS nano-tags were successfully used for 
the quantitative evaluation of twelve different concentrations of anti-CCP antibody calibrator solutions. In the present 
study, we extended our SERS-based immunoassay technique to estimate the diagnostic feasibility of three commercially 
available anti-CCP kits, fluorimetric immunoassay (FIA, BioPlexTM 2200, from BIO-RAD), Immunoscan CCPlus (from 
Euro Diagnostica) and ImmunLisaTM CCP (from immcoDiagnostics). A total 20 blood samples were collected from RA 
patients and compared the SERS-assay results with those obtained from three commercial kits. The analytical agreement 
and possible systematic bias between our proposed method and commercial kits were estimated via proper statistical 
analysis in this study.  

2. EXPERIMENTAL SECTION
2.1 Hollow gold nanosphere (HGN) preparation and antibody conjugation 

HGN preparation has been described elsewhere21, 22. Briefly, CoCl2 was reduced with NaBH4 under N2 gas to synthesize 
cobalt nanoparticles, which were used as templates for the HGNs. Gold atoms were then nucleated and expanded to 
make small shells around the cobalt template, and subsequent dissolution of the cobalt template yields a hollow interior. 
The HGN wall thickness was directly controlled by changing the HAuCl4 concentrations. Based on transmission electron 
microscopy (TEM) measurements, the average HGN diameter and wall thickness were estimated to be 45 ± 12 and 15 ± 
5 nm, respectively.   

The SERS nano-tags were prepared according to the previously reported protocol20. First, 1 μL of 5 × 10-5 M MGITC 
(Raman reporter) was added to 1 mL of 0.7 nM HGNs. The mixture was allowed to react for 2 h with stirring, yielding 
average 72 adsorbed MGITC molecules per particle. Next, poly (ethylene glycol) 2-mercaptoethyl ether acetic acid (HS-
PEG-COOH, MW ~3500) was added for antibody conjugation. The -SH terminal groups of HS-PEG-COOH were 
cleaved and chemically bonded to the HGN surface. Subsequently, 1 μL of 5 mM HS-PEG-COOH was added to 1 mL of 
0.7 nM MGITC-adsorbed HGN. This mixture was allowed to react for 1h. The solution was centrifuged to remove 
excess HS-PEG-COOH molecules bound nonspecifically. The precipitate was washed twice with PBS buffer and then 
re-suspended. In order to activate the -COOH terminal groups, 1 μL of 5 mM EDC and 1 μL of 5 mM NHS were added 
and allowed to react for 15 min. Carboxylate-terminated HGNs were used to achieve stable protein immobilization via 
covalent bonding through the esterification of NHS with EDC. Finally, 5 μL of 10 μM polyclonal anti-human IgG 
(excess amount) was added to NHS-activated HGNs. The mixture was allowed to react overnight at 4°C. During this 
step, the antibody’s lysine residues displace the NHS groups and lead to antibody immobilization on the HGNs. 
Unreacted NHS groups on the surface of the HGNs were deactivated with 1 μL of 5 mM ethanolamine for 2h. 
Centrifugation was used to remove nonspecifically bound antibodies. The final nanoprobes were then washed twice with 
PBS buffer.  

2.2 Preparation of CCP-conjugated magnetic beads 

To prepare the CCP-conjugated magnetic beads, 500 μL of 1.1 μg/mL biotinylated CCP was reacted with 500 μL of 0.5 
mg/mL streptavidin-coupled magnetic beads (diameter = 1 μm) by the streptavidin-biotin interaction. The working 
solution R1 in the Elecsys Anti-CCP kit (Roche Diagnostics, Mannheim, Germany) was used for the CCP conjugation. 
The mixture was allowed to react for 2h at room temperature. Any unreacted streptavidin was blocked with 500 μL of 
300 nM biotin. Finally, unreacted reagents were then rinsed twice with PBS buffer solution using magnet. 
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SERS-based immunoassays were performed to quantify the amount of anti-CCP autoantibody marker in serum. First, 20 
μL of CCP conjugated magnetic beads was mixed with 40 μL of SERS nano-tags. Different concentrations of anti-CCP 
calibrator solution were then added to the solution. The resulting mixtures were incubated for 45 min at room 
temperature. After incubation, a magnetic bar was used to isolate the magnetic immunocomplexes. The remaining 
solution was washed twice with PBST buffer (PBS solution containing 0.01% of Tween 20). Finally, the 
immunocomplexes were re-dispersed for SERS measurement.  

Twelve different concentrations of anti-CCP autoantibody calibrator solutions were prepared for evaluation. The 
calibrator solutions included in the kit were used for the higher anti-CCP solution concentrations, including 0, 25, 50, 
200, 800 and 3200 U/mL (Immunoscan CCPlus, Euro Diagnostica). In contrast, the anti-CCP solutions <25 U/mL were 
prepared by diluting the calibrator solutions. 

2.4 ELISA immunoassay 

To evaluate the analytical performance of the SERS-based assay, an ELISA was also performed using a commercially 
available second-generation anti-CCP ELISA kit (Immunoscan CCPlus, Euro Diagnostica). The assay was performed 
according to the recommended protocol and results were compared with those obtained using SERS-based 
immunoassay. 

2.5 Immunoassays of clinical serum samples 

In order to assess the analytical reliability and clinical applicability of our proposed method, immunoassays for clinical 
samples have been performed. A total 20 blood samples were collected from patients with RA who satisfied the 
American College of Rheumatology classification criteria23 at the Hanyang University Hospital for Rheumatic Diseases. 
This clinical study was approved by the Institutional Review Board at Hanyang University Hospital. All serum samples 
were stored at -80 ˚C until use. The clinical samples were determined into anti-CCP positive and anti-CCP negative 
groups according to the anti-CCP quantification results obtained using cut off values proposed by the manufacturers of 
each anti-CCP assay (cut-off value of Immunoscan CCPlus and ImmunLisaTM CCP : 25 U/mL, cut-off value of 
BioPlexTM 2200 : 3 U/mL). The assay procedures were conducted according to the manufacturer’s recommendations. 
The anti-CCP level for each of the 20 clinical samples was also determined using the SERS immunoassay protocol. The 
SERS results were then compared with those measured by three commercially available anti-CCP kits. 

2.6 Statistical analysis of assay results 

Passing-Boblok regression analyses have been performed for all clinical data24. These statistical analyses were used to 
estimate the analytical agreement and possible systematic bias between two different methods. All the statistical analyses 
were performed using MedCalc software (Ostend, Belgium). 

3. RESULTS AND DISCUSSION
3.1 SERS-based immunoassay for anti-CCP quantification 

Fig. 1(a) illustrates the SERS-based immunoassay process used for the quantification of anti-CCP autoantibody marker. 
First, the mixture solution of CCPs immobilized magnetic beads and anti-human IgG conjugated SERS nano-tags were 
prepared. For the preparation of CCP-conjugated magnetic beads, biotinylated CCPs were coupled with streptavidin on 
the surface of the magnetic beads through a biotin–streptavidin interaction. To identify the optimal CCP concentration, 
six different concentrations of biotinylated CCP (ranging between 110~2200 ng/mL) were reacted with 3200 U/mL of 
anti-CCP. Based on SERS measurements, the optimal CCP concentration was determined to be 1100 ng/mL. In the 
second step, different concentrations of anti-CCP autoantibodies were added to the solution and then incubated. To 
determine the optimum incubation time for the immunoassay, the SERS intensity change after mixing the SERS nano-
tags with magnetic beads and 3200 U/mL of anti-CCP antibodies was monitored as a function of time. Here, the 
sandwich immunoreaction was almost completed in 45 min. Next, a magnetic bar was used to collect and isolate the anti-
CCP immunocomplexes on the wall of a miccrotube. The residual solution was washed twice with buffer using a 
micropipette, and then the magnetic bar was removed . Finally, the immunocomplexes were re-dispersed and transferred 
to a capillary tube for Raman measurement.  

2.3 SERS-based immunoassay 

Proc. of SPIE Vol. 9523  95230J-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/27/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



 

 

Fig. 1(b) shows a schematic representation of the assay steps for the protocols shown in Fig. 1(a). A sandwich 
immunocomplexes were formed through the following steps: (1) CCPs are immobilized on the surface of magnetic beads, 
(2) Sandwich immunocomplexes are formed. When the anti-CCP autoantibodies were present in the solution, SERS 
nano-tags were freely bound to the magnetic beads through a CCP/anti-CCP/anti-human IgG interaction. On the other 
hands, when there is no anti-CCP antibody in the solution, SERS nano-tags cannot bind to the magnetic beads. (3) To 
remove nonspecific unbound components, a magnetic bar was used to collect and isolate the anti-CCP 
immunocomplexes. (4) Immunocomplexes are re-dispersed in PBS. (5) SERS signals were measured and analyzed for 
the quantification of anti-CCP level.  

3.2 Evaluation of SERS-based immunoassay 

To evaluate the analytical performance of the SERS-based assay, a comparison was made with the commercially 
available Immunoscan CCPlus ELISA kit (Fig. 2). In the SERS-based assay, the Raman peak intensity at 1617 cm-1 was 
used for the quantitative evaluation of anti-CCP. Overall, the SERS assay results (Fig. 2a) agree with those obtained 
from ELISA kit (Fig. 2d) for the anti-CCP concentrations above 25 U/mL. However, there is a reduced correspondence 
between SERS and ELISA data in the concentrations lower than than 25 U/mL. In this low concentration region, SERS-
based results are more consistent results than those obtained from ELISA analysis (Fig. 2b,e). This demonstrates that the 
SERS-based immunoassay allows for more sensitive quantification of anti-CCP antibodies than ELISA. The limit of 
detection (LOD) for the SERS–based immunoassay was estimated to be 0.18 U/mL, while that of ELISA is 
approximately 7.64 U/mL. The LODs were calculated from three standard deviations from the background, using the 
standard calibration curve fitting equation (Fig. 2c,f).  

3.3 Evaluation of the SERS-based immunoassay for anti-CCP positive clinical samples 

To assess the clinical applicability of the proposed method, SERS-based assays were performed on clinical blood 
samples and the results were compared to those obtained from three commercially available anti-CCP kits. For this 
assessment, 20 blood samples were collected from patients with RA who satisfied the American College of 
Rheumatology classification criteria (23). For the validation of commercially available fluorimetric immunoassay anti-
CCP lit (FIA, BioPlexTM 2200, from BIO-RAD) and two anti-CCP ELISAkits, Immunoscan CCPlus (from Euro 
Diagnostica) and ImmunLisaTM CCP (from immcoDiagnostics), the SERS-based immunoassay results were compared 
with them. First, anti-CCP levels of the 20 blood samples were determined using three commercial anti-CCP kits. On the 
basis of their assay results, all the 20 blood samples were classified into anti-CCP positive and negative. The assay 
results by the commercial kits and their cut-off values are listed in Table 1. SERS-based immunoassay results for 20 
clinical samples were also compared with those obtained from the commercial kits. Before performing the immunoassay 
on the clinical samples, anti-CCP calibration curves for the SERS-based assay were generated using anti-CCP 
calibrators. In the SERS-based assay, the Raman intensity at 1617 cm-1 was monitored, and the anti-CCP concentration 
was calculated using the calibration fitting equation.  

Table 1. Analytical performance of Immunoscan CCPlus, ImmunLisaTM CCP and BioPlexTM 2200 kits. 

Reagents Immunoscan CCPlus ImmunLisaTM CCP BioPlexTM 2200 

Manufacturer Euro Diagnostica ImmcoDiagnostics BIO-RAD 

Assay Principle ELISA ELISA FIA 

No. of Calibrator 5 5 6 

Measuring Range 25-3200 U/mL 25-3200 U/mL 3.0-300 U/mL 

Cut-off level 25 25 3.0 

Detection Limit 1.6 1.6 0.2 
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Passing-Boblok regression analysis was used to estimate the correlation between two different analytical methods. Fig. 3 
demonstrates a good agreement between the results obtained by the SERS-based assay and each commercially available 
kit-based assay. That is, if the confidence intervals (CIs) of 95% for intercept and slope are including 0 and 1 
respectively, it means a good agreement between teo analytical methods. This figure displays the scatter plot (green, 
orange and blue points) and the regression plot (blue) between SERS-based assay and each kit-based assay. Regression 
analysis results for each assay are listed in Table 2. Since all the regression plots in this table satisfy with the clinically 
acceptable 95% CI ranges for both the intercept and slope, it can be concluded that SERS-based assay data are clinically 
valid.  

Table 2. Regression analysis results between SERS-based assay and three commercial kit-based assays. 

Immunoscan CCPlus - SERS ImmunLisaTM CCP - SERS BioPlexTM 2200 - SERS 

Regression line 
equation = 5.42 + 0.83x y = -9.80 + 1.06x y = -6.53 + 0.61x 

95% CI for 
intercept -11.19 ~ 13.66 -47.43 ~ 1.50 -47.33 ~ 5.27 

95% CI for slope 0.65 ~ 1.13 0.75 ~ 1.39 0.37 ~ 1.02 

4. CONCLUSION
We report a novel SERS-based immunoassay technique for the highly sensitive and reproducible quantification of anti-
CCP in human serum. Herein, CCP-conjugated magnetic beads and anti-human IgG-conjugated HGNs were used as 
substrates and SERS nano-tags, respectively. The amount of anti-CCP marker in serum was successfully determined by 
monitoring the characteristic Raman peak intensity of SERS nano-tags. The anti-CCP levels determined by our proposed 
SERS-based immunoassay method show good agreement with those obtained from three commercial ELISA kits in the 
high anti-CCP concentration range (>25 U/mL). Additionally, our SERS-based assay results are more consistent in the 
low concentration range (<25 U/mL) than were those obtaind from commercial ELISA kits. 

We also performed anti-CCP assays on 20 clinical blood samples and compared the SERS-based assay results with those 
obtained from three commercial anti-CCP assay kits. There was a good correlation between SERS-based data and kit-
based data. These assay results demonstrate that our proposed SERS-based anti-CCP assay technique has a strong 
potential capability as a new clinical tool for early RA diagnosis. Indeed, investigations are currently underway using the 
clinical samples from early RA patients to improve the diagnostic sensitivity of our SERS-based assay. 
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Fig. 1 (a) Illustration of SERS-based immunoassay for quantification of anti-CCP in human serum, and (b) 
corresponding assay procedure. 
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Fig. 2 The SERS intensity changes at 1617 cm-1 as a function of anti-CCP concentration (a) in the 0~3200 U/mL range, 
(b) in the 0~25 U/mL range, and (c) the corresponding calibration curve determined by SERS-based assay. Absorbance 
intensity changes as a function of anti-CCP concentration (d) in the 0~3200 U/mL range, (e) in the 0~25 U/mL range, 
and (f) the corresponding calibration curve determined by the commercially available ELISA kit. The error bars indicate 
standard deviations from three measurements. 

Fig. 3 Passing-Bablok regression plots between SERS-based assay and (a) Immunoscan CCPlus assay, (b) ImmunLisaTM 
CCP assay, and (c) BioPlexTM 2200 assay. 
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